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Summary
Due primarily to their mechanical simplicity, fixed-pitch, battery-powered multicopters
are becoming an increasingly popular flying platform for both research and civilian
activities. However, the flight endurance of battery-powered multicopters is mostly
below one hour as a result of the battery’s low energy density, which greatly limits their
practical applications. By presenting a functional and reliable gasoline-engine, variable-
pitch quadcopter prototype, this thesis explores the possibility to increase multicopter’s
flight endurance by taking advantage of fossil fuel’s high energy density. The prototype
is designed to have 2 to 3 hours of flight time and a maximum take-off weight of 10 kg.
Firstly, a comprehensive study of the physics governing the motion of variable-pitch
quadcotpers, including aerodynamics and rigid body dynamics, has been conducted.
Secondly, an engineering procedure to design and construct the quadcopter’s mechan-
ical structure is presented. The procedure describes a novel drivetrain design which
transmits power from one gasoline engine to four contra-rotating rotors, and an natural-
frequency-based approach to minimize airframe vibration. Lastly, based on a simplified
quadcopter model, a dual-layer control structure is designed for flight tests in a conser-
vative flight envelope. The control structure consists of an inner-loop controller which
stabilizes the quadcopter’s attitude and follows Euler angle references, and an outer-
loop controller which controls the quadcopter’s position and velocity using Global Po-
sitioning System (GPS) measurements. The feasibility and reliability of the proposed
mechanical and controller design have been proven by the successful flight of the quad-
copter prototype. In particular, it has been shown that the mechanical structure is robust
and reliable, that the inner-loop controller can closely follow Euler angle references,
and that the outer-loop controller is able to accurately control the quadcopter’s position
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Over the last few years, multi-rotor Unmanned Aerial Vehicles (UAVs) have become
an increasingly popular flying platform for research and civilian activities. On the one
hand, multicopters have been used by various research groups to carry out a variety of
interesting tasks, such as building bridges [1], creating three-dimensional maps of the
environment [2] and vertical replenishment [3]. Outside laboratories, multicopters have
also been widely adopted as a useful tool to increase productivity and free workers from
repetitive and potentially dangerous labors, such as high-voltage powerline inspection
and crop dusting.
The popularity of multicopters is mainly a result of their mechanical simplicity.
They consist of multiple fixed-pitch propellers directly driven by electric motors. The
motors are fixed to a simple airframe with no moving parts. Controlled by an Electronic
Speed Controller (ESC), each motor changes its rotational speed and thus generates
varying thrust and torque. By collectively changing the rotational speed of all motors,
desired torque and force can be generated to control the multicopter’s attitude and posi-
tion. Without the complex drivetrain and control linkages in conventional single-rotor
helicopters, multicopters are easy to build, calibrate and repair.
However, as a result of their mechanical simplicity, multicopters are almost ex-
clusively battery-powered. According to technical specifications provided by major
multicopter manufacturers [4], flight endurance of multicopters today ranges from 20
1
minutes to an hour, which greatly limits their practical applications. Without a ma-
jor breakthrough in battery technology, limited flight endurance will remain one of the
major drawbacks of multicopters.
This thesis explores the possibility to increase the flight endurance of a quadcopter-
a multicopter with four rotors-by using a gasoline engine. The engine is located at the
center of the quadcopter and drives the four rotors using an appropriately designed driv-
etrain. As the mechanically-linked rotors spin at the same speed, it is no longer possible
to control the multicopter using differential rotor speed. To create the necessary con-
trol actions, variable-pitch rotors which generate varying thrust and torque by changing
the pitch angle of rotor blades have to be used. Although mechanically more complex,
variable-pitch rotors have higher control bandwidth [5] and allow the blades to operate
in a more efficient speed range [6]. In summary, despite a more complex mechanical
structure, variable-pitch gasoline-engine quadcopters are an interesting and attractive
alternative to the conventional battery-powered quadcopters due to the higher energy
density of gasoline and to the increased flight performance brought by variable-pitch
rotors.
This thesis also develops the necessary flight control methods to test the quadcopter
prototype in a conservative flight envelope. In particular, attitude control and GPS-based
position control have been developed respectively for manual flight and endurance test.
1.2 Related Work
Due to their mechanical simplicity , low cost and Vertical Take-Off and Landing (VTOL)
capability, conventional, electric-powered multicopters have become a common flying
platform for research in recent years. Modeling and control of multicopters have been
studied extensively [7][8][9]. In addition, considerable work has been done to enhance
multicopter’s agility by aggressive trajectory planning [10][11].
Attempts have also been made to enhance multicopter’s agility by altering their
mechanical design. In particular, variable-pitch propellers have been shown to en-
able multicopters to fly and interact with the environment in ways that conventional
quadcopters cannot [5][12]. Although variable-pitch propellers’ superior performance
has been highlighted, the prototypes developed for research are still battery-powered,
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and are too small to carry a gasoline engine. On the other hand, some variable-pitch,
gasoline-engine quadcopters have also been built by hobbyists. Although some of the
prototypes are known to be able to fly, none has demonstrated the reliability necessary
for long-endurance flight [13][14][15].
As multicopters have been used for an increasing number of civilian applications,
the industry has also been trying to increase multicopters’ flight endurance with alter-
native technologies. An example involves hybrid multicopters, which are conventional
electric multicopters combined with an engine-generator module [16]. During flight,
the generator keeps charging the battery and thus increases the total flight time. How-
ever, a significant amount of energy is lost during the energy conversion process: the
engine’s kinetic energy is first converted to electricity by the generators, and then back
to the propellers’ kinetic energy by the motors. A sizable portion of the payload is also
wasted to carry the generator and the battery, which would not be necessary if the rotors
were directly driven by the engine.
Hydrogen fuel cells have also been experimented on multicopters. Despite Hydro-
gen’s high energy density, the fuel cell itself suffers from low power density. In fact,
industry-leading fuel cell modules rated at 1kW weighs 2 kg [17], whereas a 2.3 kg
hobby engine can provide up to 2.4 kW [18]. There are videos showing quadcopters
powered by fuel cell flying for almost four hours [17], but the quadcopter probably can-
not carry any meaningful payload. This is probably why fuel cells are more common
on fixed-wing UAVs whose power consumption is significantly lower than VTOL UAVs
such as multicotpers.
Some have also tried to replace individual motors of a multicopter with gasoline
engines. Although this replacement has been proven to work by a few functional pro-
totypes [19], it has some major inherent disadvantages. Firstly, as gasoline engines
are heavy, placing them on the periphery of the airframe places more mass away from
the Center of Gravity (CG), increasing the moment of inertia about the body z-axis
and making the yaw channel even more difficult to control. In addition, control band-




The main contributions of this thesis are:
• A functional and reliable mechanical design of a gasoline-engine, variable-pitch
quadcopter.
• Construction of the quadcopter’s mathematical model and design of a model-
based controller for near-hover flight.
• Construction of a quadcopter prototype using the proposed mechanical design,
model and flight controller (Figure 1.1).
• Flight tests conducted to verify the reliability and robustness of the quadcopter
prototype.
Figure 1.1: Completed variable-pitch gasoline-engine quadcopter prototype
To understand how variable-pitch quadcopters work, necessary physics knowledge,
including aerodynamics and rigid body dynamics, is summarized in Chapter 2.
Chapter 3 details the mechanical design procedure. Firstly, the rotor blades and
gasoline engine are selected as a pair to ensure that required lift can be comfortably
provided by the engine. Secondly, a drivetrain which transmits power from one engine
to four contra-rotating rotors is designed. To ensure the drivetrain is able to transmit
desired power and torque, stress analysis is conduced for major mechanical components
of the drivetrain. Last but not least, the airframe is also reinforced based on results from
natural frequency analysis to minimize vibration.
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A mathematical model of the quadcopter suitable for controller design is constructed
in Chapter 4. This chapter introduces a method to measure the principal moments of
inertia, and simplified polynomial expressions for rotor lift and thrust.
A dual-layer flight control structure is introduced in Chapter 5. The inner-loop
controller controls the Euler angles and angular rates of the quadcopter, whereas the
outer-loop controller controls the qaudcopter’s position and velocity using GPS mea-
surements.
Results of flight experiments presented in Chapter 6 demonstrate the reliability and
robustness of the proposed mechanical and controller design. The mechanical structure
has performed reliably through a numerous number of tests. In addition, both the inner
and outer-loop controller are able to accurately follow given references.








This chapter introduces the physics that governs how variable-pitch quadcopters fly. It
consists of two parts: aerodynamics (Section 2.2) explains how forces and moments
are generated by rotor blades interacting with air; rigid body dynamics (Section 2.3)
explains how the forces and moments generated by the rotors collectively affect the
quadcopter’s motion. A more complete discussion on the physics of variable-pitch
quadcopters can be found in [20][21][22][23].
2.2 Aerodynamics
2.2.1 Nomenclature
This section defines quantities that will be used later. Some of these quantities are
illustrated in Figure 2.1.
• R: the rotor radius
• r: radial coordinate of an arbitrary point on the blade
• γ = r/R: normalized radial coordinate
• c: blade chord
• Ω: blade rotational speed
• N : number of blades
• A = piR2: rotor disk area
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• σ = Nc/piR: blade solidity, ratio of total blade area to total disk area
• α: blade section angle of attack
• θ: blade pitch angle
• ρ: air density
• v: rotor induced velocity, normal to rotor disk plane
• λ = v/ΩR: rotor inflow ratio
• T : rotor thrust
• Q: rotor shaft torque
• P : rotor shaft power
• CT = T/ρA(ΩR)2: thrust coefficient
• CQ = Q/ρA(ΩR)2R: torque coefficient
• CP = P/ρA(ΩR)3: power coefficient. Note that CP = CQ since P = ΩQ
Figure 2.1: Definition of useful quantities
2.2.2 Momentum Theory
By applying conservation laws to the flow and the rotor as a whole, momentum theory
gives an approximate relationship between the rotor induced power loss and the thrust.
To keep the analysis simple, momentum theory makes several simplifying assumptions:
• The rotor is modeled as an ”actuator disk” of zero thickness that is able to do
positive work to air flowing through it.
• The flow is confined to a well-defined, smooth slipstream.
• The rotational energy in the wake due to rotor torque is neglected.
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• Air is incompressible and inviscid.
A result of the above-mentioned assumptions is that the actual induced power con-
sumption of a rotor is higher than the momentum theory estimation. Nevertheless, the
theory gives a simple and useful estimation of the minimum power required to generate
a certain amount of thrust.
Figure 2.2: Momentum theory flow model for hover. Dashed arrows indicate direction
of airflow.
Momentum theory analysis can be conducted for a variety of flight conditions such
as hovering, climbing and forward flight. Since the flight envelope during the proto-
type development phase is conservative, only hovering will be discussed in this section.
The hovering flow model for a rotor of area A and total thrust T is shown in Figure
2.2 where v is the rotor-induced flow velocity and w is the flow velocity infinitely far
downstream. By conservation of mass, mass flux from far upstream to far downstream
remains constant, and is equal to the mass flux at the actuator disk, which is given by
m˙ = ρAv (2.1)
Since air is stationary far upstream, momentum conservation gives
T = m˙v (2.2)











Therefore, the induced power for hover is














The above analysis can be extended to a multicopter with n rotors, each having a
disk area Am. To generate the same thrust T , the total power consumed by the multi-















It can be seen that the total induced power of a multicopter is inversely proportional
to the square root of the total rotor area, nAm. An immediate conclusion from this result
is that total rotor area should be maximized in order to achieve maximum efficiency.
It can also be deduced from the above results that a multicopter and a single-rotor
helicopter are identical in terms of total thrust and efficiency if their total rotor areas are
the same. The rotor disks of a single-rotor helicopter and a quadcopter with the same
total rotor area are shown in Figure 2.3. It can be seen that they occupy almost the same
amount of space. As helicopters’ tail boom will make their footprint substantially larger,
quadcopters are not at a disadvantage in terms of footprint compared with single-rotor
helicopters.
2.2.3 Blade Element Theory
Blade element refers to a 2-dimensional cross-section of the rotor blade, as shown in
Figure 2.4. By integrating elemental analysis result over the entire blade, the theory
gives rotor thrust and power as functions of blade pitch angle. Similar to Section 2.2.2,
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Figure 2.3: Single-rotor helicopter and quadcopter with the same total rotor area
the discussion of blade element theory is also limited to hover.
Figure 2.4: Geometry, forces and velocities of a blade element
The airflow velocity U has two components, uP = v and uT = Ωr. The lift force









where cl and cd are the lift and drag coefficients, respectively.
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L and D can be resolved to get the forces along and perpendicular to the rotor disk
plane:
Fx = L sinφ+D cosφ (2.11)
Fz = L cosφ−D sinφ (2.12)
Accordingly, the elemental thrust, torque and power are
dT = NFzdr (2.13)
dQ = NFxrdr (2.14)
dP = ΩdQ = NFxΩrdr (2.15)
In hovering condition, uP  uT . Therefore, φ, θ, α 1. Hence
φ ≈ uP /uT (2.16)
cosφ ≈ 1 (2.17)
sinφ ≈ φ (2.18)
U =
√
uP 2 + uT 2 ≈ uT (2.19)
When α is small, lift coefficient is linearly proportional to the angle of attack, i.e.









dT ≈ NLdr (2.22)
dQ ≈ N(Lφ+D)rdr (2.23)
The differential thrust, torque and power can be normalized with respect to air den-
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dCP = dCQ =
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Since all rotor blades available to us have constant chord and zero twist, θ and c are











Note that CT in Equation 2.26 is a function of both the blade pitch angle θ and the
inflow ratio λ. To make CT a function of θ only, λ =
√
CT /2, a result from momentum












Equation 2.27 can be substituted into Equation 2.26 to get a relationship between
CT and pitch angle θ.
Rotor Power and Torque
It can be deduced from Equation 2.24 and 2.25 that













The first and second term in Equation 2.29 are customarily denoted by CPi and CPo ,
respectively. CPi is called the induced power loss, which is the power used to generate
thrust. On the other hand, CPo is called the profile power loss, which is the power used
to counter aerodynamic drag.
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It is difficult to get an analytical expression for CPi since λ, which is related to the
actual induced flow velocity, is highly nonuniform. Therefore, CPi is usually expressed






In contrast, it is possible to get an analytic expression for CPo by expressing the






































2.3 Rigid Body Dynamics
2.3.1 Generation of Control Forces and Moments
For the gasoline-engine variable-pitch quadcopter, rotation speeds of all rotors are the
same and maintained constant. Therefore, the thrust and torque of individual rotors are
controlled by its pitch angle θ rather than its rotation speed. Section 2.2 has established
rotor thrust T and torqueQ as functions of θ. Although the expressions for T andQmay
seem complicated, it will be shown in Section 4.3 that T and Q can be approximated
reasonably well by simple polynomials:
T = kT θ + bT (2.32)
Q = kQθ
2 + bQ (2.33)
Equation 2.32 and 2.33 imply that T is proportional to θ plus some small offset, and
that Q is proportional to θ2 plus some small offset.
Figure 2.5: Rotor configuration and reference frames of the gasoline-engine quadcotper
The quadcopter body reference frame (B) and global reference frame (G) are de-
fined in Figure 2.5. The x, y and z axes of the global frame point northward, eastward
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and downward respectively. On the other hand, the x, y and z axes of the body frame,
also referred to as roll, pitch and yaw axes, point respectively to the front, starboard
and bottom of the quadcopter. And the origin of the body frame B coincides with the
Center of Gravity (CG) of the quadcopter.
The rotor configuration used in our gasoline-engine quadcopter is also shown in
Figure 2.5. Rotors 1 and 2 rotate counter-clockwise and the aerodynamic torque applied
on them is clockwise (positive torque along yaw axis). Rotors 3 and 4 rotate clockwise
and the aerodynamic torque on them is counter-clockwise (negative torque along yaw
axis). Meanwhile, all rotors generate thrust forces (T1 ˜ T4) in the negative z direction
(pointing out of the paper).
In hover, gravity is balanced by the thrust of the four rotors. There is also no net
torque acting on the quadcopter because aerodynamic torques created by 2 clockwise
and 2 counter-clockwise rotors cancel each other out.
Control forces and moments are generated by simultaneously changing the pitch an-
gle of all rotors. For instance, positive yaw moment is generated by increasing the pitch
angle of rotor 1 and 2 while decreasing the pitch angle of rotor 3 and 4. Positive roll
moment can be generated by increasing the pitch angle of rotor 3 and 2 while decreasing
the pitch angle of rotor 1 and 4. All other control actions can be generated in a simi-
lar manner. By Equation 2.32 and 2.33, the total thrust F and moment (Qx, Qy, Qz)
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2 − θ32 − θ42) (2.35)
2.3.2 Transformation between Reference Frames
Transformation between global and body frame is defined by the so-called 3-2-1 Euler
angle rotation sequence: the global frame is first rotated about its z axis through ψ
to an intermediate frame 1; frame 1 is then rotated about its y axis through θ to an
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intermediate frame 2; frame 2 is finally rotated about its x axis through angle φ to the
body frame. The angles (φ, θ, ψ) are called the Euler angles of the transformation.
Let (vxg , vyg , vzg) be an vector resolved in frame G, and (vxb , vyb , vzb) be the same
vector resolved in frame B, the 3-2-1 rotation sequence can be written as the product of









0 − sin(φ) cos(φ)
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Since rotation matrices are orthogonal, it is easy to get the inverse transformation


































CθCψ SφSθCψ − CφSψ CφSθCψ + SφSψ















SφSθCψ − CφSψ SφSθSψ + CφCψ SφCθ







where Cθ and Sθ stands respectively for cos(θ) and sin(θ).
2.3.3 Newton-Euler Equations of Motion
The quadcopter is considered as a rigid body whose motion consists of translation and
rotation. Let ξ = (x, y, z) be the position of the CG of the quadcopter in frame G, and
ω = (p, q, r) be the angular velocity of the quadcopter with respect to frameG resolved
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in frame B. The translational and rotational equations of motion are
F = m(x¨, y¨, z¨) (2.40)

ΣQx = Ixp˙− (Iz − Iy)qr
ΣQy = Iy q˙ − (Iz − Ix)rp
ΣQz = Iz r˙ − (Ix − Iy)pq
(2.41)
where F ∈ R3 and (ΣQx,ΣQy,ΣQz) are the total force and moment acting on the
quadcopter. It is assumed that the quadcopter’s principal axes of inertia, with respect
to which the off-diagonal terms of the inertia tensor are all zero, align with the axes of
body frame B.
It should be noted that (φ˙, θ˙, ψ˙) 6= (p, q, r), since each of the three Euler angle
















There are two forces acting on the quadcopter. One is gravity mg, acting along the
positive z axis of frame G. The other is the quadcopter’s thrust T , acting along the













In addition to the moments created by differential rotor pitch angle (Equation 2.34
and 2.35), moments can also be generated by the so-called gyroscopic effect [9]. Be-
having like gyroscopes, spinning rotor blades apply moments to the airframe when their
axis of rotation changes with the quadcopter. It can be shown that the moment needed
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to change the axis of rotation of rotor blades at angular rate ω is






where Irotor and Ω are respectively the moment of inertia and spin rate of the rotor
blades. Interestingly, since two of the gasoline quadcopter’s rotors rotate at +Ω and the
other two at−Ω, the sum of the four rotors’ gyroscopic moments is always zero. This is
not true, however, for electric quadcopters whose rotors have to spin at different speeds






The final product of the design procedures to be illustrated in this Chapter-the variable-
pitch gasoline-engine quadcopter prototype-is shown in Figure 3.1. Its technical speci-
fications are summarized in Table 3.1.
Figure 3.1: Gasoline quadrotor schematics (dimensions in mm)
The design procedure starts with selection of engine and rotor blades which roughly
determines the size, weight and power consumption of the quadcopter. Drivetrain and
airframe are then designed accordingly based on these preliminary requirements. The
drivetrain employs a novel combination of gears, belts and pulleys to keep adjacent
rotors contra-rotating. Key components in the drivetrain are also analyzed using engi-
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Table 3.1: Gasoline quadcopter technical specifications
Maximum thrust 16 kg
Maximum take-off weight 10 kg
Rotor diameter 0.8 m
Rotor operating speed 2200-2500 Revolution Per Minute (RPM)
Tip-to-tip distance 2.0 m
Engine 2 stroke single cylinder, 25.4cc displacement
Maximum output power 1.8 kW
Fuel tank capacity 2.5 L
Designed flight endurance 2-3 hours
neering mechanics to ensure that they can transfer the desired torque and power. On the
other hand, the airframe design largely follows the “X”-shaped frame of conventional
quadcopters, but is reinforced based on the results from natural frequency analysis in
order to reduce vibration.
As the first prototype is meant to serve as a proof of concept, the design objective
is to produce a functional prototype as fast as possible. Therefore, use of customized
parts is minimized by using as many stock components as we can. Originally made
for hobby aircrafts or industrial applications, these stock components come with proven
and rated performance, and can be quickly replaced if damaged in experiments. As a
result, weight of components, as long as it is within the maximum take-off weight of
the quadcopter, becomes a secondary concern during the design process.
3.2 Selection of Engine and Rotor Blades
The first step in the design of gasoline-engine quadcopter is to determine the rotor blades
and engine, which limits the size and weight of the quadcopter. Instead of being custom-
made, the rotor blades and engine are chosen from stock hobby helicopter components.
Customization may provide marginally better performance [24], but designing, pro-
totyping and testing of rotor blades and gasoline engines are challenging engineering
tasks that will take a considerable amount of time and resources to complete. In con-
trast, the design, testing and optimization for hobby helicopter components have already
been done by their manufacturers. Moreover, hobby components also come with use-
ful information such as recommended operating conditions, lifespan and maintenance
22
cycles. Last but not least, hobby components can be purchased off-the-shelf at a rea-
sonable price, making them easy to replace if damaged during tests.
Therefore, the design process starts with a survey of commercially available gaso-
line engines and rotor blades for hobby aircrafts. Rotor blades are chosen from hobby
helicopter main rotor blades, whose diameter ranges from 0.3 to 1.8 m. It can be easily
found from the manual of such helicopters that their power consumption ranges from a
few hundred watts to a few thousand watts. With the power requirement in mind, it has
been found that the Zenoah RC gasoline engine series, whose maximum output power
ranges from 1.79 kW to 2.4 kW, is a popular and reliable power source for small-scale
gasoline helicopters. At 2.1 kg, it is compact, easy to install and has a cooling system
integrated into the engine housing.
Although asymmetric airfoils generally create higher lift and less drag than sym-
metric airfoils, it is symmetric airfoils that are used on the vast majority of hobby rotor
blades. This is because hobby helicopters are designed for aerobatics which frequently
involves flying with negative blade pitch angle. Although there are some hobby rotor
blades with asymmetrical airfoils [25], these blades are only designed to rotate in one
direction. As quadcopter needs its rotors to spin both clockwise and counter-clockwise,
there is no choice but to use symmetric airfoils despite their inferior efficiency.
Lift, drag and power consumption for rotor blades can be calculated using momen-
tum theory and blade element theory introduced in Section 2.2. After examining several
hobby rotor blades, it has been found that the 800 mm diameter rotor blades used for 450
class hobby helicopters generate sufficient lift while consuming a reasonable amount of
power. 800 mm is also the largest rotor diameter the airframe can accommodate given
other design constraints. Geometry of the blade is shown in Figure 3.2(a). It is observed
that the blade has constant chord and no twist, and uses the symmetrical NACA0012
airfoil.
The recommended operating speed for these blades is 2500 RPM. The Reynolds









1.51× 10−5m2/s = 2.23× 10
5 (3.1)
At the Reynolds number given above, the lift, drag and moment coefficients of
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NACA0012 airfoil can be obtained using Xfoil [26]. The coefficients are plotted in
Figure 3.2(b), 3.2(c) and 3.2(d).
(a) Form factor and airfoil








angle of attack (degrees)
Cl
(b) Lift coefficient Cl








angle of attack (degrees)
Cd
(c) Drag coefficient Cd










angle of attack (degrees)
Cm
(d) Moment coefficient Cm
Figure 3.2: Dimensions and aerodynamic constants of 800mm diameter blade at Re =
2× 105
Using Equation 2.26 to 2.31, the relationship between pitch angle and lift, power
and torque is calculated and plotted in Figure 3.3(a) and 3.3(b). The constants used in
these equations, a, β0, β1 and β2 are determined from Figure 3.2(b) and 3.2(d). Their
numerical values are listed in Table 3.2.
Table 3.2: Aerodynamic constants
a κ β0 β1 β2 ρ ν
5.7 1.60 0.0130 -0.0216 0.400 1.18kg/m3 1.51× 10−5m2/s
The results from theoretical calculations are further corroborated by experiments. A
test stand consisting of a load cell, an optical RPM sensor and the same variable-pitch
mechanism used on the gasoline quadcopter was built to measure the thrust, torque and
rotational speed of the rotor at different pitch angles (Figure 3.4). As shown in Figure
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(a) Lift vs. pitch angle





































(b) Power and torque vs. pitch angle
Figure 3.3: Lift, Power and torque of 800 mm rotor at 2500 RPM
3.3(a) and 3.3(b), the measured torque and lift (shown as asterisks) agree well with the
theoretical results.
Figure 3.4: Single rotor lift and torque test stand
The maximum lift, maximum take-off weight and engine horsepower can thus be
determined using the results above. According to its manual, pitch angle of the 800mm
rotor blade should be limited to ±12◦ (note that the NACA0012 airfoil stalls at 14◦ as
shown in Figure 3.2(b)). When pitch angle is equal to 12◦, it can be seen in Figure 3.3(a)
that the lift generated by one rotor is 39 N or 4.0 kg, giving a total maximum lift of 16
kg. Using a 50% control margin, the maximum take-off weight of the quadcopter can
be as high as 10 kg. It is also observed in Figure 3.3(b) that the total power and torque
at 12◦ pitch angle are 1.6 kW and 5.8 Nm respectively. Based on the power and torque
requirements, the Zenoah 270RC single cylinder gasoline engine (Figure 3.5(a)) with
a displacement of 25.4 cc is chosen. Using a gear ratio of 1:4.15 (rotor speed:engine
speed), the engine is able to provide a maximum of 1.9 kW and 1.7 Nm when rotor
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spins at 2500RPM (Figure 3.5(b)), which is greater than the required power and torque
by a safe margin.
(a) Zenoah 270RC gasoline engine (b) Torque (red) and power (blue) curves for
Zenoah 270RC
Figure 3.5: Zenoah 270RC gasoline engine specifications
Flight endurance can also be estimated using Figure 3.3. It is known that the empty
weight of the gasoline quadcopter is 7.0 kg (Section 1.3), and that fuel consumption
for Zenoah RC series engine is 554 g/kWh [18]. At maximum take-off weight (10 kg),
the pitch angle required to take off is 8◦; and the quadcopter consumes 1.0 kW in total.
Assuming that 2.5 L of gasoline is carried on-board and a transmission efficiency of
80%, the flight time is roughly equal to
2.5L× 770g/L
554g/kWh×(1kW/0.8) = 2.8 hours (3.2)
3.3 Variable-pitch Mechanism
The quadcopter’s variable-pitch mechanism (Figure 3.6(b)) is an adaptation of the variable-
pitch tail rotor of large-scale hobby helicopters (Figure 3.6(a)). The rotor blades are
bolted to the blade grippers which are connected to a hobby-grade servo through a se-
ries of linkages. By pushing or pulling the linkages, the servo is able to hold the blade
at any pitch angle commanded by the flight controller.
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(a) Tail rotor variable pitch mechanism on hobby
helicopter
(b) Same mechanism customized for variable
pitch quadcopter
Figure 3.6: Variable pitch mechanism
3.4 Drivetrain Design
The drivetrain is responsible for transmitting power from the engine shaft to the rotor
blades. A key requirement is that adjacent propellers have to rotate in opposite di-
rections, similar to conventional quadcopters. In this section, we propose a drivetrain
comprising timing belts, bevel gears and shafts that meets this requirement.
As shown in Figure 3.7, the drivetrain can be divided into two subsystems. One
is the central drivetrain that converts the rotation of the engine to four counter-rotating
rotational outputs. The other, referred to as the peripheral drivetrain, consists of a shaft
and bevel gears which transmit power from the central drivetrain to the rotor blades.
Figure 3.7: Isometric view of proposed drivetrain
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3.4.1 Peripheral Drivetrain
Design of the peripheral drivetrain is based on the power transmission mechanism of
hobby helicopter tail rotors. As shown in Figure 3.8(a), two vertical shafts, one con-
nected to the central drivetrain and the other to the rotor blades, are linked together by
bevel gears and a long, thin shaft which is usually called torque tube in hobby terminol-
ogy. An exploded view of these components are shown in Figure 3.8(b).
(a) Isometric view (b) Exploded view
Figure 3.8: Peripheral transmission
The large red arrow in Figure 3.9 shows the rotational direction of the rotor blades,
and the smaller arrows the rotational direction of the bevel gears. It should be noted that
the propeller’s direction of rotation can be easily inverted by flipping the driving bevel
gear, as illustrated in Figure 3.9(a) and 3.9(b).
(a) Propeller rotating counter-clockwise (b) Propeller rotating clockwise
Figure 3.9: Peripheral transmission schematic digram
To withstand the desired load, all components are designed and analyzed using stan-
dard mechanical engineering design techniques, which are used pervasively in the drive-
train design process. In order to avoid presentation of analyses that are similar in nature,
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the design techniques will be illustrated by two representative examples: the design of
rotor shaft and torque tube. A more complete discussion of mechanical engineering
design techniques can be found in [27] [28].
Design of Torque Tube
Figure 3.10: Torque tube analysis
The torque tube consists of two heads and a metal tube, as shown in Figure 3.10.
One end of the torque tube head dovetails into the bevel gear; and the other end is glued
to the inner wall of the metal tube with epoxy. The peel strength of the epoxy used here,
3M DP460 Off-white, is 27.6 MPa [29]. The maximum torque that can be transferred
by this glue joint is therefore
Tjoint,max = 27.6Mpa× (pidl)× d
2
= 27.6Mpa× pi × 0.007m× 0.02m× 0.0035m = 42.5Nm
(3.3)
In comparison, the rotor’s maximum torque Tmax is less than 2.5 Nm according to
Section 3.2, which is well below the strength of the glue joint.
The next step is to determine the maximum stress in the metal tube. The tube
is made of SUS304, a kind of stainless steel. As the tube is under pure torsion, the











1.664× 10−10m4 = 60.1MPa
(3.4)
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The yield strength of SUS304 is 240 MPa, which is also well above the maximum
stress in the metal tube.
Design of Rotor Shaft
Supported by two bearings, the rotor shaft transfers power from the torque tube to the
rotor blades. Its free-body diagram is shown in Figure 3.11 in which FT and Q are the
rotor thrust and torque; FG and Q are the force and torque created by the bevel gear;
and Rx, Ry1 and Ry2 are the reaction forces from the bearings. The shaft material is
S45C mild steel whose yield strength and ultimate tensile strength are 343 MPa and 569
MPa, respectively. For stress analysis, the shaft can be divided into two sections under
different loading conditions: section 1 of the shaft is under axial loading and torsion;
whereas section 2 is under bending and torsion. Numerical values of the variables are
summarized in Table 3.3.
Figure 3.11: Rotor shaft free body diagram
Table 3.3: Rotor shaft analysis
l1 l2 l3 r r1 r2 FT Q
50.5 mm 32.2 mm 19.5 mm 9.7 mm 3.0 mm 3.5 mm 50 N 2.5 Nm
30
Force and moment equivalence gives

ΣFx = 0 =⇒ FT = Rx
ΣFy = 0 =⇒ FG = Ry1 +Ry2












Since Q = rFG, we also have FG = Q/r = 257.7N.
For section 1, we consider an infinitesimal element on the surface of the shaft where
the maximum shear stress occurs. Shear stress on the shaft surface τr1 and axial stress












The principal stresses for the infinitesimal element can now be found using the
equation below.



















+ 58.952 = 59.84MPa (3.9)
which is well below the yield strength.
For section 2, we first plot its shear force and bending moment to find out its













Figure 3.12: Shear force and bending moment diagram for section 2

















+ 37.12 = 76.8,−17.9MPa (3.12)
As section 2 of the shaft is under cyclic bending, the maximum stress has to be less
than S45C’s endurance limit (285 MPa), or half of the ultimate tensile strength. Clearly,
the maximum stress is well below the endurance limit.
3.4.2 Central Drivetrain
To make alternate rotors contra-rotating, the central drivetrain (Figure 3.13) employs
two identical decks of belt transmission mechanisms: the lower and upper deck respec-
tively drives the clockwise and counter-clockwise rotors.
Figure 3.14 shows one deck of the belt transmission mechanism. Located in the
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Figure 3.13: Central drivetrain
middle is the driving pulley driven by the main shaft. Each driven pulley directly drives
a torque tube which, through the peripheral drivetrain, ultimately drives a rotor. In
addition to driving and driven pulleys, the belt is also routed by appropriately positioned
idlers in order to ensure that the number of meshing teeth between the belt and pulleys
is sufficient.
Figure 3.14: One deck of the belt transmission system
An exploded view of the central drivetrain is shown in Figure 3.15. The engine
drives the main gear, which is connected by the main shaft to the driving pulleys of
both decks. The two driven pulleys in the upper transmission deck spins bevel gears in
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the peripheral drivetrain which, after a series of gears and shafts, spins the rotor blades
in counter-clockwise direction. In a similar manner, the lower transmission deck spins
rotor blades in the clockwise direction.
Figure 3.15: Central drivetrain exploded view
The gasoline engine and its accessories are shown in Figure 3.16. The engine is
simplified as a motor and a pinion in Figure 3.7, 3.13 and 3.15, so that the drivetrain
structure is not obscured by the minute details of the engine. Since the engine has
a nonzero idling speed, a centrifugal clutch is used to isolate the drivetrain from the
engine when the engine is idle. The clutch shoe expands as the engine speeds up, and
only engages the clutch bell when engine speed is sufficiently high. The isolation at
low speed not only prevents unnecessary vibration, it also keeps human operators safe
when they manually start the engine.
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Figure 3.16: Gasoline engine and its accessories
3.5 Airframe
The airframe accommodates the drivetrain, gasoline engine and various essential com-
ponents such as avionics, battery and fuel tank. A schematic diagram of the airframe is
shown in Figure 3.17(a).
(a) Airframe schematic diagram (b) Airframe resonance mode
Figure 3.17: Final airframe design
Vibration of airframe becomes an prominent issue for quadcopters of our size. A
simple way to reduce vibration would be to retain the conventional X-shape quadcopter
frame, but build it with sturdier structural members. However, due to the availability of
and compatibility between components, our prototype’s airframe has to be made of slen-
der and long structural members. Moreover, imprudent use of heavy structural members
imposes a penalty on the quadcopter’s payload capacity. As a result, the airframe has to
be carefully designed and analyzed to minimize both vibration and weight.
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It is known that the greatest contributor to helicopter vibration is the n-per-revolution
vibration of the main rotor, where n is the number of blades of a single rotor. In our
case, this vibration frequency is
2500 RPM/60× 2 = 83.3 Hz (3.13)
The first version of the airframe (Figure 3.18(a)) strengthens the conventional X-
frame with vertical braces. The braces and the booms form triangular structures which
are intended to improve rigidity under vertical bending. However, severe vibration in
the xy-plane (wagging) was observed when the engine was spooling up before take-off.
(a) First version airframe (b) First version airframe reso-
nance mode
Figure 3.18: Final airframe design
To find out the reason for wagging, the frame was analyzed using Finite Element
Analysis (FEA), where a simplified model is used to extract natural frequencies. As
shown in Figure 3.19, the central structures highlighted in blue are assumed to be rigid,
whereas the thinner structural members are modeled using 2nd order beam elements.
Vairable-pitch mechanisms and servos are modeled as point masses attached to the end
of the booms.
For the first version airframe, it suffices to study only one of the four booms since
all of them are identical and independent. FEA result shows that its first resonance
mode occurs at 55.0 Hz inside the xy-plane (Figure 3.18(b)), which is below the n-per-
revolution frequency of the rotors (Equation 3.13). Since it takes some time for the
gasoline engine to reach the desired operating RPM, the rotor blades stayed near the
boom’s first resonance frequency long enough to induce severe vibration.
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Figure 3.19: Simplified quadcopter model for FEA
To reduce vibrations, horizontal braces are added to the final frame design (Figure
3.17(a)). Although first resonance mode of the new frame, which occurs at 52.1 Hz in
the xy-plane (Figure 3.17(b)), is similar in nature to the first version’s first resonance
mode, this resonance mode cannot be excited in the new frame design. This is because
activation of the first resonance mode requires that excitations from all rotors have the
same phase, but alternate rotors of quadcopters are contra-rotating, giving out-of-phase
excitations that cancel each other.
Table 3.4: Natural frequencies of different airframe designs
Natural Frequency (Hz)
Airframe type Mode 1 Mode 2 Mode 3
Airframe with braces 52.1 102.3 102.3
Airframe without braces 55.0 107.4 487.1
Table 3.4 summarizes the first few resonance modes of both frame designs. Except
for the first mode, the resonance modes cannot be excited by wagging inside the xy-







Taking the pitch angles of all rotors as input, the quadcopter model (Figure 4.1) predicts
system states including Euler angles, angular rates and global position (x), velocity (v)
and acceleration (a). The model consists of three blocks, all of which are largely based
on the physics knowledge introduced in Chapter 2. In particular, the “force and moment
generation” block uses Equation 2.32 and 2.33 to calculate moments and forces; the
rotational dynamics block keeps track of Euler angle and its derivatives using Equation
2.41; and the translational dynamics block updates position, velocity and acceleration
using Equation 2.40.
Figure 4.1: Model structure
This chapter explains how to identify model parameters using experimental and
computational methods. Measurement of moments of inertia, which are used in rota-
tional dynamics, will be explained in Section 4.2. A simplified expression to compute
lift and torque, which is needed by the “force and moment generation” block, will be
illustrated in Section 4.3.
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4.2 Measurement of Moment of Inertia
Moments of inertia are measured using the trifilar/quadrifilar pendulum method pro-
posed in [30]. In this method, the quadcopter is first hung up using multiple inflexible
strings of equal length l. The strings are parallel to one of the quadcopter’s body axes.
The moment of inertia about that axis can then be calculated by swinging the quadcopter
about the axis and measuring its oscillation period.
As the quadcopter is axisymmetrical about its body z-axis, it is convenient to sus-
pend the quadcopter using four strings equidistant from the CG, as shown in Figure
4.2(a). This symmetrical setup also allows Iz to be calculated using the simpler for-
mula in Equation 4.1. In contrast, there is no symmetry to be exploited for x and y axes.
The quadcopter has to be suspended using the more generalized setup in Figure 4.2(b).









· l1 sinα1 + l2 sinα2 + l3 sinα3
l2l3 sinα1 + l1l3 sinα2 + l1l2 sinα3
(4.2)
(a) Iz (b) Ix and Iy
Figure 4.2: Measurement of moments of inertia
Results of the measurement are summarized in Table 4.1.
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Table 4.1: Moments of inertia measured by pendulum experiments
Ix(kg ·m2) Iy(kg ·m2) Iz(kg ·m2)
0.25 0.26 0.40
4.3 Lift and Drag of Rotor Blades
Although rotor lift T and torque Q have been given as functions of blade pitch angle θ
in Section 2.2, the expressions in Equation 2.26 to 2.31 are overly complex for practical
use. On the other hand, we have seen in Section 3.2 that the plots of T and Q seem
simple enough to allow polynomial fitting. In this section, the polynomial expressions
for T and Q proposed earlier in Equation 2.32 and 2.33 (reproduced below) will be
established.
T = kT θ + bT (2.32)
Q = kQθ
2 + bQ (2.33)
According to flight test results, it is better to keep the rotor speed at 2200 RPM
instead of the 2500 RPM mentioned in Section 3.2. At 2200 RPM, the rotor lift and
torque for pitch angles from 0◦ to 15◦ can be calculated using the aerodynamic constants
in Table 3.2 and equations in Section 2.2.
Identification of kQ and bQ will be illustrated below as an example. For a given pair
of Q = [Q1, Q2, · · · , Qn]T and θ = [θ1, θ2, · · · , θn]T , we want to find x = [kQ, bQ]T
that best fits the data set (Q,θ). This problem can be formulated as solving Ax = Q













And x can be solved for using
x = [kQ, bQ] = (A
∗A)−1A∗Q (4.4)
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kT and bT can be obtained in a similar manner. The values of kT , bT kQ and bQ
are summarized in Table 4.2. Also, the data points and fitted polynomial curves for T
and Q are plotted in Figure 4.3. Although the affine approximation of T does not agree
well with the data when θ is close to zero, it does not affect flight performance because
working range of θ for a hovering quadcopter is always much higher than 0.
Table 4.2: Coefficients in T = kT θ + bT and Q = kQθ2 + bQ, θ in radian.
kT bT kQ bQ
160.79 -3.04 26.03 0.17












































Figure 4.3: Fitted polynomials for T (left) and Q (right), data points shown as stars
Using the simplified polynomial expressions for T and Q, the quadcopter’s total
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2 − θ32 − θ42) (2.35)
The above system of equations (Equation 2.34 and 2.35) implies that control actions of
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the quadcopter, (F,Qx, Qy, Qz), is generated by four variable pitch rotors operating at
different pitch angles, θ1 to θ4. In order to determine the rotor pitch angles that generate
desired control actions, the system of equations has to be solved.
Interestingly, the system of equations has a unique analytic solution despite the fact
that Equation 2.35 is quadratic. Let Q′x = Qx/kT l, Q′y = Qy/kT l, F ′ = F/kT ,
b1 = (F
′ − Q′x)/2, b2 = (F ′ − Q′y)/2, b3 = (Q′x + Q′y)/2 and b4 = Qz/km, the
solution can be written as 
θ1 = b1 − θ4
θ2 = b2 − θ4












Control of the gasoline engine quadcopter employs the same control architecture pro-
posed in [30]. Firstly, an inner-loop controller stabilizes the attitude (φ, θ, ψ and their
derivatives) of the UAV. Treating the attitude-stabilized quadcopter as a virtual actuator,
the outer-loop controller then controls the quadcopter’s position, velocity and acceler-
ation to track their respective references. To ensure that the outer-loop command can
be followed by the inner loop, the bandwidth of the inner-loop controller is usually
designed to be much higher than that of the outer-loop controller.
This control architecture is further illustrated in Figure 5.1. First, the outer-loop
controller generates acceleration referencear ∈ R3 based on translational states (x,v,a)
and references (xr,vr,ar). The acceleration reference ar generated by outer-loop con-
troller is then converted to inner-loop references by the inner-loop command generator.
Lastly, the inner-loop controller tracks the references (φr, θr.ψr) by generating appro-
priate control actions.
As the inner loop is treated as a virtual actuator by the outer loop, the same outer-
loop control method can be applied to different UAVs despite their physical differences.
In fact, the Robust and Perfect Tracking (RPT) control proposed in [31] has been used
as the outer-loop controller for various UAVs such as helicopters [30] and micro quad-
copters [32]. Based on robust control theories, the RPT controller has several advan-
tages including guaranteed stability and zero steady-state error. Therefore, the gasoline
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quadcopter takes advantage of this developed and mature control method and uses it as
the outer-loop controller.
In contrast, there is no universal inner-loop controller since the inner-loop dynamics
depends heavily on the physics of the specific UAV to be controlled. Therefore, this
chapter will study the inner-loop controller in detail. Taking into consideration the
physical limitations of the gasoline quadcopter, Section 5.2 illustrates how its inner-


















In near-hover condition, (φ, θ, ψ) and (p, q, r) are small. Therefore, the Coriolis terms
in Equation 2.41 can be ignored. Moreover, (p, q, r) u (φ˙, θ˙, ψ˙) according to Equa-
tion 2.42. The three Euler angles-(φ, θ, ψ)-can hence be considered as three decoupled






Let ΣQx/Ix = u1, ΣQy/Iy = u2 and ΣQz/Iz = u3. A double integrator system
























 = φ (5.2)
where r(t) is the reference input, kr is the reference gain and w(t) is wind disturbance.
Equation 5.2 can also be expressed using shorthand notation as

x˙ = Ax+Bu1(t) +Brr(t) +Bww(t)
y = Cx
(5.3)
where x = [φ φ˙]T is the state vector of the double integrator system.
State Feedback
Using state feedback u1 = −KxwithK = [k1 k2], the state space system in Equation
5.3 becomes 




Taking Laplace transform of Equation 5.4, the transfer function from reference r(t) and
disturbance w(t) to output φ are
Φ(s)
R(s)
= C (sI − (A−BK))−1Br = kr




= C (sI − (A−BK))−1Bw = 1
s2 + k2s+ k1
(5.6)
Clearly, the poles of Φ(s)/R(s) and Φ(s)/W (s) can be arbitrarily placed on the
complex plane by choosingK accordingly. Performance of second order systems is cus-
tomarily characterized by natural frequency ωn and damping ratio ξ. The characteristic
equation of a second order system with specified ωn and ξ is given by s2+2ωnξs+ωn2,
which can be achieved by letting K = [k1 k2] = [ωn2 2ωnξ].
















By letting kr = k1, we have φ(∞) = 1 = r(∞), which means that the output φ(t)
matches the reference input r(t).
On the other hand, for a unit-step wind disturbance (W (s) = 1s ), the steady-state












which means the steady-state error under wind disturbance is not equal to zero, but can
be made smaller by increasing k1.
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State Feedback with Integrator
The main purpose of integrator is to eliminate steady-state error under disturbance.




e(t)dt, v˙(t) = φ(t)− r(t) (5.10)







































 = φ (5.11)

˙¯x = A¯x+ B¯u1(t) + B¯rr(t) + B¯ww(t)
y = C¯x¯
(5.12)
The following state feedback controller is used on the new system u1 = K¯x¯ with
K¯ = [k1, k2, kI ] where kI is the integrator gain.

































 = φ (5.13)
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sI − (A¯− B¯K¯))−1 B¯r = kI






sI − (A¯− B¯K¯))−1 B¯w = s
s3 + k2s2 + k1s+ kI
(5.15)
As shown in Equation 5.16 and 5.17, the steady-state gain for r(t) and w(t) are 1
and 0, respectively. This means the integrator is able to achieve good tracking while

















The system described in Equation 5.14 can be intuitively interpreted as a second
order system plus an integrator. In fact, let G(s) = 1/(s2 + k2s + k1), the block
diagram in Figure 5.2(a) yields the same transfer function (Θ/R) as Equation 5.14. By
relocating the gain block kI , Figure 5.2(a) can be converted to Figure 5.2(b) which will
be used later for root locus analysis.
(a) (b)
Figure 5.2: Block diagrams for plant with integrator
Attitude Controller Design
The way in which quadcopters generates its control actions, as explained in Section
2.3.1, determines that pitch and yaw moments can be generated much faster and in
higher magnitude than yaw moment. Moreover, moment of inertia about yaw axis is
significantly higher than about roll and pitch axes. Therefore, the bandwidth of roll and
pitch channels is usually higher than yaw channel.
In practice, the performance of second-order systems is usually specified by its
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natural frequency ωn and damping ratio ξ. Using a combination of simulation and
empirical tuning, the ωn’s and ξ’s for roll, pitch and yaw channels have been determined
and summarized in Table 5.1.
Table 5.1: Natural frequency, damping ratio and gains for roll, pitch and yaw channels
ωn(Hz) ξ k1 k2 kI
roll, pitch 1.80 0.90 127.91 20.36 0
yaw 0.48 0.88 9.24 5.34 7.07
Step responses for roll, pitch and yaw channels, using the gains listed in Table 5.1,
are plotted in Figure 5.3.



















Figure 5.3: Step responses for roll, pitch and yaw channels
Since the gains of yaw channel are inherently low, an integrator is used to improve
tracking performance. Although integrator is able to eliminate steady-state error, it
also introduces oscillation and slows down system response (Figure 5.4). Moreover,
integrator can even lead to instability if kI is too high, as shown in Figure 5.5. Therefore,
integrator should be carefully designed and used with caution in practice.
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Figure 5.4: Step response for yaw channel, with and without integrator
























Figure 5.5: Root locus for yaw channel with integrator
The block diagram is described in Figure 5.2(b). Note that some roots become
unstable as kI increases.
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5.3 Implementation
Both inner-loop and outer-loop controllers are implemented on the Pixhawk autopilot
system (Figure 5.6(a)). In a 8×4×2 cm box, it includes essential sensors for flight
control, such as GPS, magnetic compass, barometer, gyroscope and accelerometer. In
addition, Pixhawk’s firmware is open-source and fully customizable, allowing model
parameters and gains to be easily tuned to optimize flight performance. On the other
hand, engine speed is controlled by the Futaba GY701 engine governor (Figure 5.6(b)).
It measures the engine speed using a magnetic sensor and adjusts the engine throttle to
keep the speed at a designated value.
(a) Pixhawk autopilot (b) Futaba engine governor
Figure 5.6: Autopilot and engine governor
In actual flight test, the quadcopter is controlled by a professional pilot using Re-
mote Control (RC) transmitter. There are two different modes in which a pilot can
control the quadcopter, which are
• Manual mode (Figure 5.7(a)): transmitter stick inputs are interpreted as Euler
angle references and given directly to the inner-loop controller
• Semi-autonomous mode (Figure 5.7(b)): transmitter stick inputs are interpreted
as “velocity targets” and fed into a trajectory generation algorithm which gen-
erates position, velocity and acceleration references. The references are then





Figure 5.7: Schematics for manual and semi-auto control mode
Giving the pilot more direct control of the quadcopter, manual mode is useful for
early development. However, as it places a lot of control burden on the pilot, flight
time in manual mode is usually limited in order to prevent pilot fatigue. In contrast,
the burden to keep the quadcopter from drifting is mostly shouldered by the outer-loop
controller in semi-autonomous mode, making it useful to test the quadcopter’s flight






In this chapter, the results of flight tests, which evaluate the mechanical and controller
design presented in Chapter 3 and 5, are presented. The quadcopter is first flown in
manual mode by a professional pilot to fine-tune inner-loop gains and to test the reli-
ability of mechanical design. Performance of outer-loop controller is then tested after
the mechanical structure and inner-loop controller reach a stable operating condition.
As the gasoline quadcopter is still a prototype under development, the quadcopter only
flew conservatively in hovering or near-hovering condition.
Results presented in this chapter demonstrate the reliability of the quadcopter’s me-
chanical design, and its controllers’ ability to accurately follow inner and outer-loop
references.
Figure 6.1: Gasoline quadcopter in a flight test
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6.2 Manual Mode
As explained in Section 5.3, only inner-loop controller is running in manual mode. The
quadcopter’s attitude is controlled to follow the Euler angle references given by the
pilot.
Sample flight data of 30 seconds is plotted in Figure 6.2. It can be observed that
the Euler angle references, given by the pilot using a RC transmitter, are followed fairly
well by the inner-loop controller designed in Section 5.2. As the only channel with
integrator control, yaw seems to have smaller tracking error than roll and pitch.






























































Figure 6.2: Euler angles references and measurements
To test the performance and reliability of the quadcopter’s mechanical design, nu-
merous flight experiments have been conducted in manual mode. Bypassing the outer-
loop controller and the higher-level trajectory generator, manual mode isolates hardware
issues as much as possible from software issues. Having been improved iteratively
based on test results, the mechanical design has largely reached a stable and reliable
condition as evidenced by the successful 26-minute flight in manual-mode [33].
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6.3 Semi-autonomous Mode
Although the quadcopter responds to the pilot’s commands in a similar manner as man-
ual mode, the pilot’s transmitter inputs in semi-autonomous mode are no longer used
directly as inner-loop references. Instead, they are first given to a trajectory generator,
generating position, velocity and acceleration references which are then given to the
outer and inner-loop controller as described in Figure 5.1. As the outer-loop controller
uses GPS measurements to control position and velocity, it enables the quadcopter to
hold its current position when transmitter inputs are neutral, freeing the pilot from the
burden of counteracting drift. Figure 6.3 and 6.4 show that the quadcopter can accu-
rately follow position and velocity references over a 150-second period.























































Figure 6.3: Position references and measurements
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Figure 6.4: Velocity references and measurements
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Chapter 7
Conclusion and Future Work
7.1 Conclusion
This thesis presents the mechanical design and autonomous control of a gasoline-engine
variable-pitch quadcopter prototype. The purpose of the prototype is to extend the flight
endurance of conventional multicopters which are almost exclusively battery-powered.
The quadcopter prototype achieves this objective by exploiting the high energy density
of fossil fuels. In addition, powering four rotors with one gasoline engine necessitates
the use of variable-pitch rotors to control thrust and torque, which also have the added
benefit of higher control bandwidth as compared to electric motors.
The main contributions of this thesis are: (1) a detailed design procedure to build the
drivetrain and airframe of the quadcopter prototype; (2) autonomous flight controllers
based on a variable-pitch quadcopter model suitable for control design; (3) construction
of a quadcopter prototype on which the proposed mechanical design and controller
are implemented; and (4) flight experiments conducted to verify the performance and
reliability of mechanical design and controller.
Chapter 1 summarizes recent efforts to increase multicopter’s flight endurance in
academia, hobbyist community and the industry. Necessary physics background in-
cluding aerodynamics and rigid body dynamics is given in Chapter 2.
Chapter 3 details the design procedure of the quadcopter’s mechanical structure.
Firstly, 800 mm rotor blade and a 1.8 kW gasoline engine have been selected based on
thrust and power requirements. Theoretical results of the blades’ aerodynamic charac-
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teristics are also presented and verified by experiments. The drivetrain and airframe are
then designed accordingly. To ensure their performance and reliability, key mechanical
components are studied using relevant engineering method such as stress and vibration
analysis.
A simplified model of the variable-pitch quadcopter is presented in Chapter 4.
Chapter 5 introduces the dual-layer control structure consisting of an inner-loop for
attitude control and an outer-loop for position control. Assuming roll, pitch and yaw
channels to be decoupled double-integrators, desired inner-loop performance can be
achieved using state feedback. Although an integrator reduces steady-state error, it
must be used with caution as it can lead to instability. On the other hand, the outer-loop
employs the well-established RPT controller to generate inner-loop references using
GPS measurements.
Lastly, the performance and reliability of the mechanical structure and controller are
evaluated in flight experiments whose results are shown in Chapter 6. The results have
shown that the mechanical structure is able to reliably transfer the desired torque and
power, that the inner-loop controller is able to closely follow Euler angle references,
and that the outer-loop controller can accurately control the quadcopter’s position and
velocity, giving smooth and stable flight performance.
7.2 Future Work
The following areas can be worked on to further improve the quadcopter prototype:
• The quadcopter can absolutely benefit from a lighter and more compact mechan-
ical structure. As the current design prioritizes using existing components with
proven performance, factors such as weight and complexity have not been op-
timized. In fact, there existed a few designs which are lighter and simpler than
the current one, but are scrapped due to the high amount of customization re-
quired. With the concept of gasoline-engine variable-pitch quadcopter proven by
the successful flight of the first prototype, more efforts can be spent on a more
customized mechanical design.
• The current model and controller are designed for near-hover flight, ignoring
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aerodynamic effects that are prominent in high speed flight or aggressive ma-
neuvers. Since abilities to fly fast and aggressively are certainly desirable for
practical applications, a more comprehensive model taking into account various
high-speed effects should be built; and a more sophisticated flight controller can
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